Elastic properties of biological tissues are important indicators for the assessment of tissue function and clinical diagnosis. Palpation has been commonly used in clinical settings to detect the change in tissue elasticity. However, it only provides a qualitative estimation of tissue stiffness. Elastography has provided a non-invasive imaging modality to assess the state of tissues and diseases by elastic properties of soft tissues since the mid-1990s. [1] [2] [3] [4] The shear wave measurement is a quantitative method for the determination of elastic properties. For the shear wave measurement in elastography, a force source excites the tissue to induce a shear wave. The shear wave moves through the body of the tissue as a transverse wave where the vibration direction is perpendicular to the wave travel direction. An imaging system detects the vibration in the body to visualize the shear wave propagation. The shear modulus l can be quantitatively calculated from the shear wave velocity c by the following equation:
where q is the tissue density. 5 Ultrasound imaging and magnetic resonance imaging have been used to image shear wave propagation in tissues. 6, 7 However, the spatial resolutions of elastic maps are limited by the imaging technologies. Benefiting from the micrometer spatial resolution and millimeter penetration of optical coherence tomography (OCT), optical coherence elastography (OCE) based on the shear wave measurement has shown promising results in biomedical studies, including blood coagulation assessment, 8 ocular elasticity assessment, 4, 9 and cardiac muscle measurement. 10 In an OCE application, an excitation from a force source, such as an ultrasonic transducer, [11] [12] [13] [14] [15] an airpuff device, 9 and a piezo-transducer (PZT), 16 is commonly applied to induce vibration, and OCT is used to detect the displacement and visualize the shear wave. Using shear wave elastography, the shear modulus is quantified by tracking the shear wave propagation. In previous measurements, the transverse shear wave propagates perpendicular to the force direction, so the shear modulus in the lateral region of the force can be quantified; [11] [12] [13] however, the shear modulus in the axial region of the force cannot be measured.
In this study, a longitudinal shear wave is induced by a PZT and visualized using OCT for the quantified mapping of shear moduli. Because of diffraction effects, the shear wave presents as a longitudinal wave in the near field where the shear wave propagates in the same direction as the force direction and the vibration direction. In a homogeneous phantom and a heterogeneous side-by-side phantom, the longitudinal shear waves traveling as plane waves are visualized, and the shear moduli are mapped based on wave velocity measurements. The finite element simulations also validate the presence of a longitudinal shear wave in our system. Combination of the detection of the transverse shear wave and the longitudinal shear wave provides opportunities for measurements of elastic properties in anisotropic tissues.
When a planar vibrator induces displacement onto a soft tissue, two main types of elastic body waves will travel through the sample, including a compressional wave propagating along the displacement direction and a shear wave propagating perpendicular to the displacement direction. The compressional wave is a longitudinal wave and the shear wave is a transverse wave. However, in the near field of the planar vibration source, a third wave, which is a longitudinal shear wave, will propagate along the displacement direction with a velocity much lower than the compressional wave. When the planar vibrator is regarded as multiple subsources, each sub-source will induce a transverse shear wave in the near field due to diffraction effects, 18 which is illustrated in Fig. 1 . The blue dashed arrow and the blue solidline arrow indicate the shear wave propagation direction and vibration direction from sub-source 1. The red dashed arrow and the red solid-line arrow indicate the shear wave propagation direction and vibration direction from sub-source 2. At the position where two waves meet (green point), the sum contributions of two transverse shear waves generate a longitudinal shear wave propagating along the displacement direction of the vibrator, which is indicated by the black solid-line arrow. The longitudinal shear wave is present due to contributions of transverse shear waves in the near field of a planar vibration source; however, its propagation direction is the same as its vibration direction. After the measurement of shear wave velocity, the shear moduli of samples can be mapped quantitatively.
In order to visualize longitudinal shear waves, an OCE system is set up, which consists of a PZT excitation unit for induction of shear waves and an OCT unit for detection of vibration. The schematic of the OCE system is shown in Fig.  2 . The OCT unit, which is similar to the one described in a previous study, 11 is based on a swept source with a central wavelength of 1310 nm, an A-line rate of 50 kHz, and a wavelength tuning range of 141 nm. The axial and lateral resolutions of the OCT unit are 7.6 lm and 17.7 lm, respectively. In the PZT excitation unit, a function generator controlled by a computer outputs a cycle of a sine wave with a frequency of 1 kHz. The closed loop PZT is driven by a voltage of 6 30 V with a bias of 30 V (after amplification) and the position sensor of the PZT shows a travel range of 6 10 lm. One side of a 22 Â 22 mm cover glass adheres to the PZT and the other side closely touches a phantom. We apply a preload to ensure complete contact between the phantom and the cover glass throughout the PZT excitation. Thus, the actual displacement amplitude close to the excitation source is about 10 lm. For the data capture, an M-B scan protocol is used, where each M-scan contains 1000 A-lines and each B-scan contains 3000 M-scans. PZT excitation begins at the 100th A-line of each M-scan and the PZT excitation is applied between 2.0 ms and 3.0 ms. Two homogeneous agar phantoms and one heterogeneous side-by-side agar phantom are detected, as shown in Fig. 3 . The homogeneous phantoms are made of agar with concentrations of 0.50% and 0.75% w/v to represent different stiffnesses. The heterogeneous side-by-side phantom contains 0.75% agar on the left and 0.50% agar on the right. On the bottom layer of each phantom, a 0.60% v/v intralipid solution is mixed with the agar solution to increase light scattering for OCT imaging. Without intralipid, the top layer with a thickness of $4 mm is almost transparent for OCT imaging. The height of the phantom is $50 mm. The thickness of the transparent layer is much higher than the wavelength of the shear wave. When the wave propagates under the transparent layer, distortion from the surface wave is not obvious 19 and the boundary conditions can be ignored. Since the direction of an induced vibration inside a phantom is perpendicular to the OCT beam, we use a Doppler variance method to visualize the vibration. 11, 20 The Doppler variance is only sensitive to motion perpendicular to the OCT beam and can be used to detect the transverse displacement. [21] [22] [23] [24] At the green point, the shear wave from sub-source 1 travels along the blue dashed arrow and its vibration direction is along the blue solid-line arrow, and the shear wave from sub-source 2 travels along the red dashed arrow and its vibration direction is along the red solid-line arrow. Globally, the sum contribution of two vibrations is along the black solid-line arrow, and the shear wave propagates along the black solid-line arrow. far away from the surfaces, no surface waves distort the shear wave. The size of the glass cover touching the phantoms is much larger than that of the OCT imaging area so that the induced shear waves propagate as plane waves, which are shown in Fig. 4(a) . After the visualization of shear wave propagation, the wave velocities can be calculated from spatio-temporal images at a given depth, which are shown in Fig. 4(b) . From the ratio of the travel distance to the travel time, the shear wave velocity can be quantified. The shear wave velocity is 0.83 m/s for the 0.50% agar phantom and 1.76 m/s for the 0.75% agar phantom. Based on the relationship between the shear wave velocity and the shear modulus, which is shown in Eq. (1), the shear modulus can be calculated. The density q of the phantom is 1000 kg/m 3 , so the shear modulus is 0.7 kPa for the 0.50% agar phantom and 3.1 kPa for the 0.75% agar phantom. Mechanical tests by MTS Synergie 100 show that the shear modulus is 0.8 kPa for the 0.50% agar phantom and 3.5 kPa for the 0.75% agar phantom, which are close to the values calculated from the shear wave velocities.
After measurements of homogeneous phantoms, the longitudinal shear wave is detected in a heterogeneous sideby-side phantom for elastic mapping. In the heterogeneous phantom, the agar concentration is 0.75% on the left side and 0.50% on the right side. So the left side is stiffer than the right side. The structure of the heterogeneous phantom is shown in Fig. 3(b) . The spatio-temporal Doppler variance image at a given depth shows that the shear wave velocity slows down immediately after the shear wave travels through the boundary of the side-by-side phantom from Fig. 5(a) . From the gradient of the slopes at each depth of the phantom, the shear wave velocity can be calculated. A higher shear wave velocity indicates higher stiffness for the sample. The shear wave velocity is 1.71 6 0.31 m/s in the 0.75% agar side and 0.75 6 0.11 m/s in the 0.50% agar side. So the shear modulus is 2.9 kPa for the 0.75% agar side and 0.6 kPa for the 0.50% agar side. The shear modulus map in the heterogeneous phantom is shown in Fig. 5(b) . The measurement of the longitudinal shear wave can be used for the quantitative determination of elastic properties in the axial region of the force.
The waves traveling in the phantoms are detected when the propagation is parallel to the vibration. The detected wave is traveling through the interior of the phantom and far away from the surface so the distortion of the surface wave can be ignored. Theoretically, there are two kinds of waves propagating through the interior of a sample, including a shear wave and a compressional wave. For a compressional wave, the propagation direction is also the same as the vibration. The compressional wave velocity v can be calculated from the following equation:
where K is the bulk modulus, l is the shear modulus, and q is the density of the sample. 5 For the agar phantom used in this study, the theoretical velocity of the compressional wave is 1483 m/s when K is 2.2 GPa, l is 1 kPa, and q is 1000 kg/ m 3 . The compressional wave at such a high speed cannot be detected with the A-line rate of 50 kHz in the OCT unit because the wave will travel about 30 mm between adjacent frames. Therefore, the distortion of the compressional wave can be ignored, and the detected wave can be considered as a pure shear wave.
Using finite element analysis, the vibrations are analyzed at 5.0 ms when the 0.5% agar phantom is excited by a point source, two adjacent point sources, and a planar source, respectively (see supplementary material). The particle vibrations induced by a point source are mostly perpendicular to the wave propagation with the character of a classical transverse shear wave. The vibrations induced by two adjacent point sources generate an interference pattern and present higher motion velocities than the vibrations from the single point source. The particle vibrations from the planar source are mostly in the axial direction of the force and parallel to the wave propagation, so the wave is a longitudinal shear wave.
The detection of a longitudinal shear wave can be conveniently used to measure the elastic modulus based on the theory of the classical shear wave. The shear modulus is quantified by tracking the shear wave propagation. In previous measurements of transverse shear waves, the shear wave propagates perpendicular to the force directions, so the shear modulus in the lateral region of the force can be quantified. The longitudinal shear wave propagates along the force direction, so the shear modulus in the axial region of the force can be quantified. Furthermore, combination of the detection of the transverse shear wave and the longitudinal shear wave provides opportunities for measurements of directionally dependent elastic properties in tissues.
In conclusion, we visualize longitudinal shear waves for elastic mapping using high-resolution OCE. The longitudinal shear wave travels through the interior of the sample where the propagation direction is parallel to the direction of force due to the sum contribution of vibrations. The visualization of waves propagating in two homogeneous phantoms and one heterogeneous side-by-side phantom shows that the longitudinal shear wave is present as a plane wave in the near field of a planar excitation source and can be used for the quantitative mapping of shear moduli. The finite element simulations validate the presence of a longitudinal shear wave. Complementary to previous elastic measurements in the direction perpendicular to the force direction using transverse shear wave detection, this system provides a method for the assessment of elastic properties along the force direction. Combining the transverse shear wave measurement and longitudinal shear wave measurement, the OCE system has great potential for the elastic assessment of an anisotropic sample.
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